It has been reported that overactivation of fibroblast growth factor receptor 1 (FGFR1) is an important characteristic found in most non-small cell lung cancer (NSCLC) samples. Here, we identified a FGFR1 inhibitory peptide R1-P2 and investigated its effects on the lung cancer cells growth and angiogenesis in vitro and in vivo. Our results demonstrate that R1-P2 bound to human FGFR1 protein, and efficiently blocked the binding of FGF2 to FGFR1 in A549 and NCI-H460 cells. Moreover, this peptide significantly decreased the proliferation, migration and invasion, but promoted the apoptosis in both cell lines. In addition, R1-P2 treatment effectively inhibited the tumor growth and neovascularization in nude mice with xenografted A549 cells, and R1-P2 also significantly inhibited the FGF2-induced angiogenesis in tube formation experiment and CAM model. We further demonstrated that R1-P2 suppressed lung tumor growth through anti-angiogenic and anti-proliferative activity. Our data may provide a novle leading molecule with potential application in the treatment of FGFR1 activation related lung cancers.
Introduction
Lung cancer, a highly invasive prevalent cancer with strong metastasis capacity, is one of major cancers leading to death worldwide. There are multiple types of lung cancer including NSCLC. NSCLC accounts for 85% of all lung cancers, and the majority (60-80%) of patients with NSCLC were in unresectable advanced or metastatic stage when their lung cancer were at diagnosed. The prognosis of NSCLC patients remains very poor with a 5-year survival of 15% (1) . During the recent decades, a variety of targeting therapies such as small molecule inhibitors, monoclonal antibodies and multiple target tyrosine kinase inhibitors have been used in clinical trials (2) , the therapeutic effects, however, poor for lung cancers.
FGFR1 belongs to receptor tyrosine kinase (RTK) that participates the regulation of various cellular processes including proliferation, migration, survival and angiogenesis (3) . Overactivation of FGFR1 has been reported in diverse human cancers including ovarian cancer, prostate cancer and NSCLC (4) (5) (6) , and so on. In addition, overactivation of FGFR1 promotes the epithelial-mesenchymal transition (EMT) and is associated with lung cancer grades and stages (7) . The
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International Publisher important roles of FGFR1 in the pathogenesis of a variety of cancers make it a potential therapeutic target for these cancers. Silencing the expression of FGFR1 by siRNA or inhibition of FGFR1 by multiple tyrosine kinase inhibitors, such as PD173074, PD166866 and SU5402 have been demonstarted to suppress the growth of NSCLC (7) (8) (9) . However, PD173074 and SU5402 failed to enter phase II clinical trials due to their high toxicities (10) . Therefore, the exploration of novel FGFR1 inhibitors with low toxicity and high efficiency has attracted extensive attention in recent years.
In this study, we found a novel peptide (R1-P2) with high binding affinity to FGFR1 by using phage display-based screening. We found that peptide R1-P2 inhibited the tyrosine kinase activity of FGFR1 and its downstream ERK/MAPK pathway in A549 and NCI-H460 cells. Peptide R1-P2 also inhibited the proliferation, migration, invasion and promoted the apoptosis of A549 and NCI-H460 cells in vitro. In addition, peptide R1-P2 can effectively suppress tumor growth in xenograft mouse model carrying A549 cells.
Materials and methods

Biopanning of a 12-peptide phage display library with FGFR1
The Ph.D.-12 TM Peptide Library Kit (New England Biolabs) was used for biopanning as described previously (11) . Briefly, 96-well plates were coated with 20 µg/ml FGFR1 (Sigma) in 150 µl coating buffer overnight at 4°C. The eluted phages were amplified in early-log E. coli ER2738 strain cells.
ELISA assay for selected phage clones
Phage clones (2×10 11 pfu/well) and control phage vcsM13 were incubated at room temperature (RT) for 1 h. For competitive elution, 2 µg/ml FGF2 (PeproTech) was added for incubation at RT for 1 h. Anti-M13 monoclonal antibody (New England Biolabs) was added and incubated at 37°C for 1 h. Next goat anti-mouse immunoglobulin G (IgG)-HRP was added and incubated at 37°C for 30 min. Final the substrate 3, 3', 5, 5'-tetramethylbenzidine (TMB; ZSGB-BIO) was added and the absorbance of the colored product was measured at 450 nm.
Peptide R1-P2 and FGFR1 binding assays
Peptide R1-P2 were synthesized at Shanghai China Peptides Co., Ltd.. 96-well plates were coated with 100 µg/ml peptide R1-P2 in 100 µl coating buffer (PBS) overnight at 4°C. 150 µl of 20 µg/ml of FGFR1 was added and incubated at 37°C for 1 h. Plates were washed and incubated with FGFR1 antibody (Santa Cruz), followed by a secondary anti-rabbit antibody conjugated with HRP (DAB kit; ZSGB-BIO), and 5-amino-2-hydroxybenzoic acid as a substrate, with absorbance measured at 450 nm.
Molecular docking
Molecular dynamics simulation was performed as follow: (1) Energy minimize simulation (1500 step, sessile receptor molecular 1-280 residue); (2) Heating (NVE, 500 ps, 0K-300 K, sessile receptor molecular 1-280 residue); (3) Density adjustment (NPT, 500 ps, 300 K, sessile receptor molecular 1-280 residue); (4) Equilibrium (NPT, 500 ps, 300 K); (5) Outcome (NPT, 5 ns, 300 K). Then binding free-energy of ligand-receptor was estimated using MM-PBSA. Averaged the final 500 ps structure of the stable complex, and then analyze the interaction of ligand-receptor by LigPlus module.
Surface plasmon resonance (SPR) analysis of peptide R1-P2
SPR analysis was performed as described previously (12) . Briefly, the sample was treated with a running buffer containing different concentrations of the human FGFR1 protein (0, 0.0625, 0.125, 0.25, 0.5, 1.0 and 2.0 μM) in PBS. The injection time was set to 120 s, the dissociation time was set to 600 s.
Cell culture and reagents
Human NSCLC cell lines with high expression of FGFR1 including A549 and NCI-H460 were purchased from Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in DMEM/high glucose medium (Hyclone) with 10% fetal bovine serum (FBS, Gibco) at 37°C in 5% CO2 incubator. PD173074 (Selleck), an inhibitor of FGFR1, was used as the positive control. Peptide R1-P2 is diluted with PBS.
Western blotting
A549 and NCI-H460 cells were treated with PD173074 (100 nM) or peptide R1-P2 (15 and 30 mM) for 2 h. Equal amount of protein samples (30 ug) were dissolved by 10% SDS-PAGE gels and transferred onto a polyvinylidene difluoride membrane (Millipore). After being blocked with 8% nonfat milk in Tris buffered saline Tween buffer, the membrane was probed with primary antibodies specific for pFGFR1 (1:1000 dilution; Santa Cruz) and pERK1/2 (1:1000 dilution; Cell Signaling Technology) followed by secondary antibodies. The antibody specific for β-actin (1:10000 dilution; Sigma) was applied to normalize the protein expression levels.
Cell proliferation viability assay
A549 and NCI-H460 cells were treated with peptide R1-P2 (1, 5, 15 and 30 mM, respectively) for 48 h. The viability of cells was determined by MTT assay (13) .
Analysis of cell apoptosis
A549 and NCI-H460 cells were treated with peptide R1-P2 (15 and 30 mM) for 24 h. Cell apoptosis was detected with in situ cell death detection kit (Roche) according to the manufacturer's instructions.
Wound-healing assay
The migration of A549 and NCI-H460 were measured by wound-healing assay. Briefly, after the growing cell layers reached confluence, we inflicted a uniform wound in each plate using a pipette tip and washed the wounded layers with PBS to remove all cell debris. Then, cells were treated with peptide R1-P2 (15 and 30 mM) or vehicle for 24 h. The images were captured at the beginning and 24 h, and the migration rate of the cells was quantified.
Invasion assay
The bottoms of the upper chamber (on top of the membrane) were coated with 100 μl volume of matrigel (BD Biosciences). A549 and NCI-H460 cells with 200 μl serum-free medium were added into the upper chamber, and complete medium with peptide R1-P2 (15 and 30 mM) or vehicle was added into the lower chamber. After incubation for 16 h, the cells invaded to the lower surface of the membrane were stained with 1% crystal violet. Cell counting was then carried out by photographing the membrane through the microscope, and five random fields were taken.
In vivo anti-tumor study
All mice were maintained in the Animal Facility (specific pathogen free) of the Daping Hospital (Chongqing, China). All procedures were approved by the Institutional Animal Care and Use Committee of Daping Hospital (Chongqing, China). Athymic nu/nu female BALB/cA mice were purchased from the Beijing HFK Bioscience Co. Ltd. Xenograft model for anti-tumor was used according to previously study (14) . Briefly, A549 cells were harvested and mixed with matrigel (BD Biosciences) at proportions of 1:1. Then, the cells (2 × 10 6 cells in 200 μL of saline) were injected subcutaneously into the upper and lower back of 7-week-old, BALB/cA nude mice, respectively. Two days after the A549 cells were injected, the mice were injected intraperitoneally (i.p.) with peptide R1-P2 in saline at a dosage of 5 mg/kg/day for 28 days, whereas the control mice were injected with the same volume of saline (n = 5 in each group). The volume of the tumors were determined by measuring their length (l) and width (w) and calculated using the formula; V = 0.52 × l × w 2 . The weights of the tumors were recorded on the day the mice were sacrificed.
Hematoxylin and eosin (H&E) staining
H&E staining was performed as manufacturer's instructions.
Immunofluorescence analysis (IFC)
IFC was performed as the manufacturer's instructions. The following primary antibodies were used: mouse anti-α-SMA polyclonal antibody (1:1000 dilution; Sigma), rabbit anti-PCNA polyclonal antibody (1:1000 dilution; BioVision), Alexa Fluor 488 goat anti-mouse IgG (1:1000 dilution; Molecular Probes) and Alexa Fluor 568 goat anti-rabbit IgG (1:1000 dilution; Molecular Probes) were used as a secondary antibody. Nuclei were counterstained with Hoechst 33258 (1:5000 dilution; Biotime Biotech). Fluorescent cells were observed and photographed under a laser scanning confocal microscope (ZEISS, LSM 880).
Tube formation assay
48-well plates coated with 100 μl matrigel basement membrane matrix (BD) per/well and polymerized at 37°C for 30 min. A549 cells were plated on the matrigel at a density of 2 × 10 5 cells/well. Peptide R1-P2 (15 and 30 mM) was then added together with FGF2 (10 ng/ml). After 6 h, photographing and the extent of capillary tube formation was evaluated by measuring the total tube length per field.
Chick chorioallantoic membrane (CAM) assay
CAM assay was performed as described previously (15) . Briefly, on day 8 of incubation, pipe the peptide R1-P2 (15 and 30 mM) with FGF2 (10 ng/ml) onto the CAM surface for the evaluation of their angiogenic potential. After incubation for 24 h, photograph the CAM surface.
Statistical analysis
Data were presented as mean values ± SD and statistical differences between groups were assessed by Student's t-test. Analysis of variance (ANOVA) was used for comparisons of 3 or more groups followed by Tukey post hoc test (SPSS program version 13.0). P < 0.05 was considered statistically significant.
Results
Identification of specific FGFR1 binding peptide using phage display technique
Phage recovery rates of the second and third round of screening were much higher than the first round (9.6×10 -7 % and 5.52×10 -6 % compared with 1×10 -8 %) ( Table 1 ), indicating that after three rounds of selection, phages with high affinities to FGFR1 were effectively enriched. A total of 23 individual phage clones were obtained after three rounds of panning. Total DNA of the phages were isolated and sequenced using -96gШ primers, then three different amino acid sequences were obtained.
Three positive phage clones with different sequence were used to examine the binding affinity for FGFR1 by ELISA ( Figure 1A) . OD values of three selected clones with different amino acid sequences were ten times higher than that of the control, which indicates that these three clones had high binding affinity to FGFR1. Specific ligand of FGFR1, FGF2, was used to test their binding affinity through competitive elution with FGFR1. Our data showed that FGF2 had high elution efficiency for these clones ( Figure 1B) . Since FGF2 exerts its biological activities via binding to the extracellular domain of FGFR1 (16, 17) , we deduced that these phage clones may bind to the extracellular domain of FGFR1 and mimic the biological effetcs of FGF2 binding to FGFR1. Table S1 ).
We further evaluated the molecular dynamics of the binding between peptide R1-P2 and FGFR1 protein (extracellular region, transmembrane region and intracellular region of human FGFR1 protein, respectively), the results of molecular docking and free energy indicate that peptide R1-P2 can not specifically binding to the transmembrane region and intracellular region of human FGFR1 protein (Data not shown). In order to evaluate the molecular dynamics of the binding between peptide R1-P2 and the extracellular region of FGFR1 (5AM6) protein, we analyzed the surface of the 5AM6 by MOLCAD ( Figure 1C) . Molecular docking showed that peptide R1-P2 can bind to A and B site of the extracellular region of FGFR1, which is similar with FGF ligand (Figure 1D ). Molecular docking and free energy assay, as shown in Table 2 and Table 3 , indicates that peptide R1-P2 can specifically bind to the extracellular region of FGFR1 protein. Furthermore, the binding affinity of peptide R1-P2 to human FGFR1 protein was about 1.538×10 −7 M (Additional file 2: Table S2) as measured by Biacore X100 (Figure 1E) .
In addition, we found that peptide R1-P2 can bind to FGFR1 protein in a dose-response manner ( Figure 1F) . Taken together, these results demonstrated that peptide R1-P2 could specifically bind to human FGFR1 protein with high affinity.
Peptide R1-P2 significantly inhibits the activity of FGFR1 in vitro
To determine the effect of peptide R1-P2 on FGFR1 signaling pathway, we investigated whether treatment with peptide R1-P2 could affect FGFR1 tyrosine kinase activity. Following stimulation of FGF2, activation of FGFR1-ERK1/2 MAPK signaling pathway was evident, while in the presence of peptide R1-P2 (15 and 30 mM), the degrees of the increase in the protein levels of phosphorylated FGFR1 and ERK1/2 were attenuated (Figure 2A) .
We next examined the effects of peptide R1-P2 on cell activities of A549 and NCI-H460 cells. These cells were initially treated with different concentrations of peptide R1-P2 for 48 h, and the cell viability was evaluated by MTT assay. The results showed that peptide R1-P2 inhibited the proliferation of A549 and NCI-H460 cells in 30 mM (Figure 2B) . Further, TUNEL staining analysis showed that there was no significant difference between the 15 mM peptide group and control, while peptide R1-P2 in 30 mM significantly increased the number of apoptosis-positive cells, indicating that peptide R1-P2 could induce apoptosis of A549 and NCI-H460 cells after a 24 h treatment ( Figure 2C) . Cell migration and invasion are essential step in neoplasm metastasis (7) . We sought to evaluate the effect of peptide R1-P2 on the motility of A549 and NCI-H460 cells by wound healing assay and transwell invasion assay. The results showed that 30 mM of R1-P2 significantly inhibited the migration rate in both of cell lines ( Figure 2D) . Further experiments revealed that 15 and 30 mM of R1-P2 evidently suppressed the number of invasion cells, in both lung cancer cells (Figure 2E) . Taken together, these results suggest that peptide R1-P2 can significantly inhibit the activity of FGFR1 in vitro.
Peptide R1-P2 significantly suppresses tumor growth in xenograft mouse model
To further assess the anti-tumor activities of peptide R1-P2, xenografts were established in BALB/cA nude mice using A549 cell lines ( Figure  3A) . At day 30, the nude mice showed visible tumor formation at the upper and lower back (Figure 3B ).
Safety always is the top concern for the therapeutic study, there is no remarkable toxicity observed in the peptide R1-P2 treatment group, as evidenced by no signs of abnormal gross phenotypes including weight loss between the two groups during observation period ( Figure 3C) . Images of solid tumor isolated from upper ( Figure 3D ) and lower back of the sacrificed nude mice (Figure 3E) showed that peptide . (E) Peptide R1-P2 strongly suppressed A549 and NCI-H460 cells invasion measured by transwell assay (n = 3). Bar = 100 μm, the error bars indicate the ± SD from three separate experiments, *P < 0.05, **P < 0.01, ***P < 0.001, versus control.
R1-P2 inhibited the growth of tumor generated by xenografted A549 in mouse model. Next we quantified the efficacies of peptide R1-P2 by measuring the volume (cm 3 ) and weight (g) of the tumors from sacrificed nude mice. Our results showed that treatment with peptide R1-P2 for 28 days significantly reduced the tumor volume and tumor weight (Figure 3D and 3E) . Previous studies have revealed that phosphorylation of FGFR1 can lead to the activation of downstream signaling cascades including ERK, leading to the proliferation and survival of cancer cells (17) . The proliferation of cells was detected by PCNA using IHC. Peptide R1-P2 reduced the percentage of PCNA positive cells by 47.5% (Figure 4A) . Further, peptide R1-P2 slightly induced cell apoptosis, although there was no statistical significancy (Figure 4B) , indicating that the major anti-tumor effect of peptide R1-P2 is its anti-proliferative activity in vivo.
Peptide R1-P2 potently suppresses the neovascularization
Angiogenic effect can be assessed by analyzing the formation and organization of tubular networks.
The sections of tumor tissue harvested from nude mice were analyzed by H&E staining. Our results showed that peptide R1-P2 inhibited blood vessel analogue formation (as shown in red arrows, Figure  4C) . Similarly, immunofluorescence staining results showed that peptide R1-P2 decreased the expression of α-SMA (a marker of pericytes) (Figure 4D ), SM22 and CD31 in tumor tissue (Additional file 3: Figure  S1 ).
To further understand the mechanism underlying the antiangiogenic activity of peptide R1-P2, we detected the antiangiogenic activity of peptide R1-P2 in vitro and in vivo. As illustrated in Figure 5A , there was no evident tube formation in control, but FGF2 can significantly induce tube formation. At a concentration of 15 and 30 mM, peptide R1-P2 suppressed the tube formation induced by FGF2 by 32.6% and 58.4%, respectively.
We further tested the antiangiogenic activity of peptide R1-P2 using a CAM assay. The result showed that FGF2 can significantly induce angiogenesis, treatment with 15 mM peptide R1-P2 can partly inhibit the FGF2-induced neovascularization (P > 0.05). However, at a concentration of 30 mM, peptide R1-P2 potently suppressed the angiogenesis by 29.1% ( Figure 5B) . Together, these results indicate that as a novel inhibitory peptide for FGFR1 signaling, peptide R1-P2 potently inhibits angiogenesis both in vitro and in vivo. The expression of α-SMA in tumor sections were detected by immunofluorescence staining (red arrows represents blood vessels). Bar = 100 μm, the error bars indicate the ± SD from three separate experiments, **P < 0.01, ***P < 0.001, versus blank. CAM assay showed less vessels formation in peptide R1-P2 treated group. Bar = 100 μm, the error bars indicate the ± SD from three separate experiments, ### P < 0.001, versus control, **P < 0.01, ***P < 0.001, versus FGF2 alone.
Discussion
Lung cancer is currently the most frequently diagnosed cancer and the most common cause of cancer mortality in worldwide. Lung cancer is classified into two main types, small-cell (SCLC) (15%) and NSCLC (85%) based on their histological features (18) . Adenocarcinoma and squamous cell carcinoma (SQC) are the most common histological subtypes in NSCLC cases (19) . Targeted therapies, radio sensitizers, internal radiation, and combination treatment regimens have been used in clinic gradually in last decade, but there is still no substantial improvement in lung cancer mortality.
FGFs/FGFRs signaling is involved in a variety of critical cellular function of the development, homeostasis and tumorigenesis of multiple tissues/organs (20) (21) (22) , such as proliferation, differentiation, apoptosis, drug resistance, and angiogenesis, etc. FGF signaling can also regulate EMT, invasion and metastasis in the tumor development (23, 24) . FGFR1 plays a critical role in the pathogenesis of lung cancer (5, 9, 25) . Amplification of Fgfr1 has been found in approximately 17% of NSCLC cases and 6% of SCLC cases (26, 27) . Recently, it has been identified as an independent adverse prognostic marker in early-stage NSCLC (28) .
Multiple strategies targeting FGFR1 have been developed, but limited clinical data are currently available. IMC-A1, an isoform-specific monoclonal antibody against FGFR1-IIIc was shown to cause severe anorexia in animal models, and thus was not translated into the clinic application (29) . PD173074 and SU5402, two bioavailable FGFR inhibitors, failed to enter phase II clinical trials due to their high toxicities although they have exhibited striking effects in preclinical model experiments (10) . Therefore, the exploration of novel FGFR1 inhibitors has attracted extensive attention in recent years.
Peptides can be easily synthesized, and has lower immunogenicity and toxicity, which possess the superior selectivity. Multiple peptide drugs such as α-thymosin have successfully been used in clinic (30) . In addition, some peptides have been shown to be effective in phase II/III clinical trials for the treatment of cancer, such as interleukin-2 targeting peptide, or tumor neovasculature homing peptide NGR-hTNF (31, 32) .
In the present study, we screened a random 12-peptide phage library and identify a novel FGFR1-binding peptide. Furthermore, we demonstrate that this peptide (R1-P2) specifically binds to the human FGFR1 protein with a high affinity, suggesting the specific effect of peptide R1-P2 on FGFR1 activity. We demonstrated that peptide R1-P2 inhibited the phosphorylation levels of FGFR1 and ERK1/2 induced by FGF2 in A549 and NCI-H460 cells, indicating that R1-P2 can effectively inhibit the activities of FGFR1 itself and its downstream signalings.
FGF signaling has been proved to participate the regulation of multiple processes in tumorogenesis, including proliferation, migration, survival and angiogenesis. In in vitro culture model using A549 and NCI-H460 cells, we found that peptide R1-P2 can inhibit the proliferation and induce the apoptosis in both cell lines. We further demonstrated that peptide R1-P2 can effectively inhibit the invasion and migration of cultured A549 and NCI-H460 cells. FGFR1 signaling plays vital roles in vascularization/ angiogenesis (23) . Next, we confirmed the anti-angiogenic effect of peptide R1-P2 in vitro and in vivo. Tube formation and CAM assay indicates that FGF2 could significantly induce neovascularization, whereas treatment with peptide R1-P2 potently inhibited FGF2-induced neovascularization. Consistently, peptide R1-P2 significantly decreased the tumor volume and weight in xenograft mouse model using A549 cells without grossly observable toxicity. Histological analysis of tumor sections revealed that peptide R1-P2 significantly reduced blood vessel analogue formation.
In summary, we found a novel FGFR1 inhibitory peptide (R1-P2) that can inhibit the in vitro and in vivo growth and neovascularization of cultured A549 and NCI-H460 cells and/or xeno-grafted A549 in nude mice. This novel peptide may be used for the treatment of lung cancer carrying aberrant activated FGFR1.
